Enzyme-linked immunosorbent assays (ELISAs) are routinely used for cattle herd diagnosis of Salmonella Dublin infection in many countries. It is also possible to use such tests for individual diagnosis. Passively transferred immunoglobulins may cause false-positive test results in young calves. Also, false-positive test results may be seen in recovered animals several months after infection. False-negative results are seen in acutely infected animals, especially immature animals that are unable to produce a humoral antibody response to infection. To be able to interpret the individual animal test results, it is necessary to take age into account when validating the ELISA. In the present study an age-stratified validation of an indirect Salmonella Dublin serum ELISA as predictor of bacterial excretion was performed using receiver-operating characteristic (ROC) analysis. Three age groups were formed according to the results of an exploratory analysis of the age effect on area under curve (AUC) of ROC curves. The AUC for the youngest age group (0-99 days) was 0.816 (SE ϭ 0.033), which was significantly (z ϭ 4.23, P Ͻ 0.0001) smaller than the 0.977 (SE ϭ 0.019) estimated for the next age group (100-300 days). The oldest age group (Ͼ300 days) had an AUC of 0.905 (SE ϭ 0.023), which was significantly different from the AUC of both the other age groups (z ϭ 2.21, P ϭ 0.027 when compared with the youngest age groups and z ϭ 2.41, P ϭ 0.016 when compared with the age group of 100-300 days). The results showed that the indirect Salmonella Dublin serum ELISA is most valid for detection of infection in individual cattle from the age of 100 days. Purpose-related test sensitivities and specificities were evaluated at different cutoff values.
Salmonella enterica subsp. enterica serovar Dublin (Salmonella Dublin) is a cause of acute and subclinical disease in cattle. It can cause disease in cattle at all ages, although the most commonly clinically affected group consists of calves aged 2 weeks to 3 months. 23, 24 Controlling Salmonella Dublin infections can both provide economic, health, and welfare benefits in cattle production 15, 22 and reduce risk of zoonotic infections. 5 This would require a method for accurate laboratory diagnosis of the Salmonella Dublin infection status of individual animals, including a method for estimating confidence levels for the given test validity estimates and an understanding of disease dynamics within and between herds.
Bacteriological culture methods have traditionally been used for detection of Salmonella Dublin-infected animals. These methods suffer from strong limitations with regard to sensitivity. 9, 16, 17 More sensitive tests for detection of infected animals, such as enzyme-linked immunosorbent assays (ELISAs), have been developed for use in both serum and milk to detect immunoglobulins directed against Salmonella Dublin lipopolysaccharide (LPS). 10, 11, 18 At animal level an indirect serum O-antigen-based LPS ELISA was evaluated at several cutoff values by Veling et al. 21 These authors chose a cutoff titer-dilution value of 1:100, resulting in a specificity of 99.3% and a sensitivity of 32.0% for newly infected animals. For known active carriers of Salmonella Dublin, the sensitivity was estimated to be 94.4%. The approach used in that study requires prior knowledge of the course of infection. Such prior knowledge is not available for single-sample testing in herds with unknown infection status.
Age, especially young age, has been reported to be an important factor influencing the production of immunoglobulins directed against LPS in connection with salmonella infections. 3, 19 This is likely to influence the validity of ELISAs for different age groups. To reach a better understanding of the validity of ELISAs for detection of Salmonella Dublin infection at animal level, it is necessary to use samples from animals representing all stages of infection and to perform age-stratified validation.
The objective of the present study was to validate and compare an indirect O-antigen LPS serum ELISA for detection of Salmonella Dublin infection in 3 different age groups using a fecal culture method as the reference test to indicate the true infection status of the animals. To avoid false-negative results in the fecal culture test, only fecal culture-negative animals from herds that were assumed to be free of any type of salmonella were used for specificity calculations. Receiver-operating characteristic (ROC) curves were used to validate the ELISA at a wide range of cutoff values. With ROC curves the changes in true-positive proportion (sensitivity) and false-positive proportion (1-specificity) with different cutoff values can be illustrated. The use of ROC analysis generally facilitates selection of optimal cutoff points and comparison of the validity of different tests or test groups. 6, 7, 13 
Materials and methods
Sample collection. All samples used for this study were collected from 25 dairy herds in a region of the southern part of Jutland in Denmark, where Salmonella Dublin is considered endemic. The sample collection was part of a large project called the Integrated Cattle Health and Milk Quality Project, initiated by the Danish Dairy Board in 1997. 1 During the period from March 2000 to January 2002, 19 herds were visited 5 times, 5 herds were visited 4 times, and 1 herd was visited twice with approximately 3 months between each visit.
Fifteen of the herds were classified Salmonella Dublin positive based on at least 1 culture-positive animal. Ten herds were classified salmonella negative based on negative bacteriological culture results during all visits in the study period, and they had no history of salmonellosis before the study period.
During each visit to the herds the following samples were collected: individual fecal samples from all cattle on the premises, 20 swabs from barn environment and dung pits, and blood samples from all nonlactating cattle, including all dry cows in the herd. Blood samples were also collected from all lactating cows in 8 of the herds where Salmonella Dublin bacteria was isolated. Blood samples were centrifuged at 3,200 rpm for 20 min, and serum was kept frozen at Ϫ18 C at the Danish Cattle Health Laboratory (DCHL). a Sample selection. Samples that were used for the test validation were collected as paired samples, including 1 serum sample and 1 fecal sample from the same animal collected on the same day. To avoid correlation between measurements, animals that were sampled more than once during the repeated visits had 1 sample pair chosen by random selection to represent that animal. Thus, the negative reference population used for specificity calculations consisted of 1,192 sample pairs from the 10 herds classified as salmonella negative according to the above criteria. The positive reference population used for sensitivity calculations consisted of 146 sample pairs, from which the fecal sample was found Salmonella Dublin positive.
Bacteriological culture method. Fecal samples and environmental swabs were examined at DCHL for the presence of salmonella bacteria by the following method: 25 g of fecal material was mixed in 225 ml peptone buffer and left for pre-enrichment at 37 C for 18-24 hr. Inoculation of 0.1 ml test material onto modified semisolid Rappaport Vassiliadis medium-base (MSRV-agar) plates and 1 ml test material into 9 ml of selenite-cystine was followed by incubation for 18-24 hr at 41.5 C. Material from the selenite-cystine tubes was inoculated on modified brilliant green, phenol red, lactose sucrose agar (BPLS-agar) plates and incubated at 37 C for 18-24 hr. Positive test results from MSRV-agars were inoculated onto BPLS-agar plates and confirmed using triple-sugar iron agar tests and lysine iron agar tests. Serotyping and confirmation of positive isolates were done at the Danish Veterinary Institute (DVI). b ELISA method. The serum ELISA used in this study was performed at DCHL, slightly modified from a previously described ELISA method. 10 An O-antigen-based Salmonella Dublin LPS preparation produced at DVI was diluted 1: 80,000 with 0.1 M sodium carbonate buffer, pH 9.6, and used to coat microtitration plates (Polysorb Cat# 475094 f ) at 4 C for 2 days (100 l/well). Plates were blocked using 200 l/well phosphate-buffered saline (PBS) with 1% polyvinylpyrrolidone (PVP) for 30 min at room temperature and then washed 3 times on a Skan Washer 300 g using PBS solution (pH 6.8) with 0.05% Tween 20 . Sera were diluted 1:200 in PBS containing 1% PVP-40T and added to the microtitration plate wells in duplicate using the robot Tecan Genesis RSP 200. h Known positive and negative reference sera were added in quadruplicate. The plates were incubated overnight (16-20 hr) at 4 C and washed 3 times. For detection of immunoglobulins, affinity-purified horseradish peroxidaselabeled goat anti-bovine IgG (H ϩ L) conjugate (Cat# 14-12-06 d ) was diluted 1:6,000 in PBS containing 1% PVP, added to all wells in the plate (100 l/well), incubated for 1 hr at 37 C, and then washed 3 times. Substrate and indicator solution (100 ml 0.1 M citric acid, pH 5, 1,2-orthophenyldiamine dihydrochloride, c 0.5 ml Tween 20 , and 80 l hydrogen peroxide) was added to the wells (100 l/well) and incubated in the dark at room temperature for 10-20 min. The reaction was stopped by adding 100 l/ml 0.5 M H 2 SO 4 to all wells when the optical density (OD) of the positive reference wells was evaluated to be approximately 2.000. The OD was read at 492 and 620 nm as reference using an ELISA plate reader. e The plates were considered valid if the 4 negative reference wells had an average OD of less than 0.300 and the 4 positive reference wells had an average OD of 1.200-2.500. Single samples were rerun if the difference between the duplicates was larger than 0.200. An ODC% value, which is the background-corrected ratio of the test sample OD to a positive reference sample, was calculated for each sample as follows: a wide range of cutoff values as the proportion of all bacteriological culture-positive animals that were classified positive by the ELISA. Specificities were calculated laboratory results from the negative reference population. The specificities of the ELISA were calculated at a wide range of cutoff values as the proportion of all bacteriological culture-negative animals from negative herds that were classified negative by the ELISA. Fecal culture is known to be less than perfect in sensitivity. 12, 17 Therefore, fecal culture cannot be used directly as a gold standard reference test. In this study fecal culture as the reference test has been improved by avoiding use of fecal culture-negative animals from known Salmonella Dublin-infected herds in the calculations of specificity for the ELISA.
Receiver-operating characteristic curves were used to evaluate the sensitivity and specificity for different ODC% cutoff values. An ROC curve is made by plotting the sensitivity versus 1-specificity for every cutoff value. The area under the ROC curve (AUC) and the standard error (SE) of the AUC were calculated by the trapezoidal rule. Thorough description of this method including illustrative examples can be found elsewhere. 7, 13 The size of the AUC can be interpreted as the probability that a randomly chosen animal from the positive reference population will have an ELISA OD higher than a randomly chosen animal from the negative reference population. Highly discriminatory tests have ROC curves that crowd toward the upper left corner with AUCs approaching 1. For the ROC analysis the statistical software package SAS version 8.2 was used.
For an exploratory analysis of the effect of age on overall performance of the serum ELISA, the available data were divided into 23 age groups by intervals of 15-240 days, where the youngest age groups had the smallest intervals because these were the ages in which the largest change in test validity was expected. The age intervals were overlapping by one-third of the previous interval. This facilitated exploring the change in test validity with increasing mean age of the groups and optimized the sample size for estimation of AUCs. The sample sizes for the 23 age groups ranged from 86 to 244 observations. An ROC curve was constructed for each of the 23 age groups, and the AUCs and 95% confidence intervals (CIs) were calculated and plotted against the mean age of each age interval (Fig. 1) . The overall performance of the ELISA was compared between age strata by comparing the calculated AUCs using the critical ratio z, defined as (AUC 1 Ϫ AUC 2 )/(SE ϩ SE Ϫ 2 2 1 2 2rSE 1 SE 2 ) ½ , where r is the correlation between the 2 AUCs being compared. In the present study, r is set to 0 because different samples were used to estimate the AUCs for each age group. The value z is referred to a table of normal distribution for determination of the P-value. 8
Results
Descriptive statistics. A total of 1,338 serum samples from 25 herds were used for the test validity calculations. Fecal culture-negative animals from known Salmonella Dublin-positive herds were not included in the specificity calculations because many of these would be false-negative fecal culture results, but they were included in Table 1 for descriptive purposes.
Stratification based on age. A plot of the AUC and 95% CI for each of the 23 AUC groups versus the mean age of each group in months ( Fig. 1) shows that the AUC increases from 0.74 to 0.97 during the first 3 months of age and remains stable until around 8 months, when it shows a slight drop until it reaches an AUC estimate of 0.83 during the months close to first calving among the heifers. In the adult cows the AUC estimates vary between 0.89 and 0.97. Based on these results, 3 age strata were formed for statistical comparison of the test performance among the age strata ( Table 2 ). The differences between age strata 1 (0-99 days) and 2 (100-300 days) (z ϭ 4.23, P Ͻ 0.0001), age strata 1 and 3 (Ͼ300 days) (z ϭ 2.21, P ϭ 0.027), and age strata 2 and 3 (z ϭ 2.41, P ϭ 0.016) were all statistically significant. Age stratum 2 (calves and heifers aged 100-300 days) had the highest AUC and thus the highest discriminatory ability (Fig. 2) .
Cutoff values. It is often desirable to select a certain cutoff value either for single-sample testing (i.e., for surveillance and decision support) or when using the diagnostic tests in repeated-sampling schemes (i.e., for infection dynamics studies). Selection of a cutoff value depends on the purpose of the test. The optimal cutoff value may not be the same for different scenarios. The estimated sensitivities and specificities with 95% CIs were calculated for all possible cutoff values for the 3 age strata (Fig. 3) . The overall performance of the ELISA is poorest for age stratum 1 (0-99 days), and only age strata 2 and 3 are explored in the following with respect to cutoff value selection. Sometimes, optimization of both sensitivity and specificity is required simultaneously with equal weight. In that situation one might select the cutoff value where the sensitivity and specificity lines cross to discriminate between positive and negative animals. Using this principle a cutoff value of 10 ODC% is obtained for age stratum 2 (100-300 days), resulting in a sensitivity of 94% (95% CI: 80-100%) and a specificity of 94% (95% CI: 91-97%), and 15 ODC% for age stratum 3 (above 300 days), resulting in a sensitivity of 85% (95% CI: 67-94%) and a specificity of 85% (95% CI: 83-87%). However, when using ELISAs in combination with other tests (multiple testing) or for studying infection dynamics over time by testing animals repeatedly, it may be more important to minimize the number of false-positive results. It is then desirable to choose a higher cutoff value, resulting in a higher specificity and a lower sensitivity. As an example, choosing a cutoff of 35 ODC% gives a sensitivity of 79% (95% CI: 62-91%) and a specificity of 98.5% (95% CI: 96-100%) for age stratum 2, whereas for age stratum 3 the same cutoff value gives a sensitivity of 62% (95% CI: 46-75%) and a specificity of 94% (95% CI: 92-96%).
Discussion
Detection of animals that are potential shedders of bacteria in herds with Salmonella Dublin infection is a necessary step to understand the infection dynamics within herds and to control the spread of the organism in the environment and among animals. Bacteriological culture methods that have traditionally been used for detecting such bacterial shedders have limited validity for detection of all potential shedders of bacteria. This is due to intermittent fecal excretion, which is characteristic of many Salmonella Dublin-infected animals, 12 and the varying concentrations of bacteria being excreted. In addition, bacteriological culture methods are often fairly expensive for use on single animals. If another, preferably less-expensive, test method was available that was more efficient and more reliable in detecting potential shedders of bacteria, this would facilitate studying the infection in more detail, and it would be useful in control and surveillance programs. ELISAs have been used in several studies as a predictor for salmonella-positive animals. 2, 12, 20 Most commonly, the results are interpreted as cross-sectional seroprevalences in the herd. For individual animals, ELISA results are often studied over time based on selected cutoff values for the ELISA. In the present study the validity (sensitivity and specificity with 95% confidence limits) has been examined at all possible cutoff values of a serum ELISA for the momentary infection status of the animals when no prior information is available. The advantage of knowing the test validity for this scenario is that 1) the measured apparent seroprevalence in herds can be adjusted to obtain a true prevalence estimate that is closer to the real prevalence of potential shedders in the herd at sampling, 2) knowing the validity estimates, one can minimize misinterpretation of the test results, 3) having access to the test validity estimate at all possible cutoff values, one can select the most optimal cutoff value or more cutoff values for different study scenarios, and 4) the overall validity of this ELISA can be compared with other tests (e.g., IgM, IgG 2 ) if the same samples are used.
It is known from other reports that the validity of the immunoglobulin-detecting ELISAs for Salmonella Dublin depends on the age of the animals. 3, 19 In the present study the difference in test performance was quantified for 3 age strata for an O-antigen-based Salmonella Dublin serum ELISA. These 3 age strata were selected based on an exploratory analysis of AUCs from 23 age groups in Fig. 1 . Using ROC analysis, a smaller sample size will lead to a smaller AUC. Therefore, it may be argued that the difference in AUCs between the age groups could be due to the difference in sample size between the age groups. Whereas the AUCs were clearly increasing over the first 6 age groups in Fig. 1 , the sample sizes were 215, 205, 177, 152, 104, and 86 observations for age groups 1, 2, 3, 4, 5, and 6, respectively. This rules out sample size as the cause for the difference in AUCs. In this study a significant difference in test performance was present between the 3 selected age strata. It is therefore recommended to consider selecting different cutoff values for different ages and to interpret the test results in relation to the validity of that cutoff value in order to gain most from sampling cattle. The 100-day and 300-day cutoffs for age strata make sense from a biological point of view. Maternally derived antibodies may cause false-positive results in ELISAs when used in calves below the age of approximately 3 months, thus supporting the 100-day cutoff. Also, young calves are known to have a slower and less-developed humoral immune response to infection, which lowers the sensitivity of ELISAs for use in animals below approximately 3 months of age. 3 Young stock is likely to become infected with Salmonella Dublin in infected herds because of housing type, stress, and susceptibility. 20 Because this age group has not been infected previously, shedding of bacteria is very consistently followed by a clear ELISA response in animals above 3 months of age, leading to a high performance of ELISA for detection of infected animals in this age group. In older animals the ELISA response may be falsely interpreted as indicative of current infection when it is in fact a response from an earlier infection that the animal is recovering from.
Others have suggested that when evaluating and comparing the AUCs for curves, only the cutoff values of relevance should be evaluated. 6 If, for instance, a specificity of less than 90% is undesired, only the part of the ROC curves where the specificity is more than 90% should be evaluated and compared. In the present study, reducing the range of cutoff values would only increase the difference in test performance between the age strata.
It is not unlikely that stratifying the data from factors other than age would in fact also change the performance of the ELISA as a predictor of bacterial excretion. In another study it was shown that stratification according to knowledge of the infection course (acutely infected vs. long-term carrier animals) dramatically changed the sensitivity of a similar ELISA for Salmonella Dublin. 21 Thus, if time of new infection could be determined, adding this information to a testing scheme would add additional validity to the detection of potential shedders of bacteria by the use of ELISAs.
The variation in ELISA results cannot be explained only by infection course and host-related factors such as age and immune competence of the animals. Variation arising from the laboratory method can also lead to decreased validity. 14 Controlling for such factors is likely to further increase the validity of an ELISA.
The method used in the present study was a classic test validation method, where the animals selected as positive were those that tested positive with an assumed perfect reference test (also called a gold standard test). In cases where this assumption is not reasonable, other methods of test validation may be more appropriate, such as latent class methods. 4 In the present study the gold standard was optimized by selecting only culture-negative animals from negative herds.
This may lead to selection bias. If such selection bias was present, the validity of the ELISA may have been overestimated, especially with regard to the specificity. However, the specificities reported in this study are very likely to be true for certification purposes in salmonella-negative herds.
The overall conclusion of the present study was that the indirect O-antigen-based LPS serum ELISA was of good value in cattle aged between 100 and 300 days. In cattle older than 300 days, the test was of moderately good value. For animals under the age of 100 days, the ELISA was of poor value and could not be recommended for use. When using this type of ELISA, care should be taken to select the optimal cutoff value according to the purpose of testing, and the prevalence estimates based on the test results should be adjusted according to the test validity estimates. Detecting animals that remain potential shedders over extended periods of time (carrier animals) in studies of infection dynamics in cattle herds still requires additional tests or repeated testing over time.
